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ABSTRACT 
A rotating duct test facility was constructed 
to study heat transfer and pressure drop in the coolant 
channels of large modern utility electrical generators. 
Experiments were carried out in a rectangular duct of 
2:1 aspect ratio. The duct was electrically heated 
and rotated about an axis parallel to but displaced from 
the rotor axis. Experimental results on inlet and 
fully developed laminar pressure drop and turbulent 
pressure drop and heat transfer are presented. 
Laminar pressure drop has been found tp 
correlate well with the results of a numerical finite 
difference analysis carried out by Neti et al.. Rotation 
has no effect on laminar pressure drop below a Grashof 
3 
number of 1 Cr and steadily increases to a value approx- 
imately 25 percent greater than the isothermal pressure 
drop at Grashof numbers of 3 x 10 . 
Turbulent pressure drop is not influenced 
by rotation at the rotational speeds and heat fluxes 
studied in this experiment, but turbulent heat transfer 
was found to increase by as much as 25 percent at 
•1- 
higher Grashof numbers. Heat transfer is not affected 
by rotation below a threshold value of Grashof number. 
This value of Grashof number below which no heat 
transfer enhancement occurs increased with increasing 
Reynolds number. 
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NOMENCLATURE 
A duct   - cross sectional area of duct wall 
A. , .   = internal surface area of inlet nozzle inlet 
A  .f -  area of orifice opening in orifice plate 
flowmeter 
A . .    = cross sectional area of heater support strips 
strips 
A ,,    = wetted internal area of an energy balance 
control volume 
Cd ' = flow coefficient'(Mactual/Mideal) 
C       = specific heat of air 
D„      = hydraulic diameter of duct 
dT/dZ   = wall temperature gradient in axial direction 
Gr      = Grashof number: 
(/?)(fl2)(qfluld/Awall)(DH)(R) 
I       - r.m.s. averaged heater current 
rms to 
J       = rotational Reynolds number 
K       = calculated orifice meter flow coefficient 
KQ      = empirieal constant used in computation of K 
L   ,. = axial length of energy balance control volume 
section & t>J 
• 
M -  mass flow rate through duct 
NL . „n  
=
 mass flow rate through duct actual D 
M.,  ,   = mass flowrate through flowmeter calculated 
from Bernoulli's equation 
-3- 
Nu, -,,   - Nusselt number computed using bulk air 
properties 
Nu  -,-,   = Nusselt number computed using air proper- 
ties computed at wall 
Pr      = Prandtl number 
P1      = static pressure measured upstream of orifice 
in the orifice plate flowmeter 
P?      = static pressure measured at the vena-contracta 
of the orifice plate flowmeter 
QonnH   = total axial conduction energy lost out of 
duct control volume 'cond 
Qfluid = "to"ta-L energy gained by fluid in duct 
Q = total energy supplied by heaters to duct gen 
Q , = total energy loss to ambient from duct 
R = distance between rotor centerline and duct 
Re = Reynolds number of flow in duct 
Ren = Reynolds number of flow in orifice plate 
flowmeter 
Ra = Rayleigh number 
T    -. =  measured ambient temperature 
T = average duct wall temperature 
T.r>n • ■, = bulk fluid temperature fluid 
T  , = inlet airstream thermocouple temperature 
T. -I . = bulk inlet fluid temperature 
T  .-, , = bulk exit fluid temperature outlet * 
T „ ,. ^ = measured wall temperature in an energy sec xx on  -, -, .  n   ., balance control volume 
T  . n - actual duct wall temperature wall ^ 
■k- 
T' -,-,.-,. - duct wall temperature in the entrance 
wall,inlet      n       ^ nozzle 
U- 
V 
V ] 
w. 
rms 
(q/A)] 
b 
f 
k 
h 
hinlet 
kbulk 
duct 
k , - 
strip 
k
wall 
^cond 
qamb 
= duct heat loss coefficient (W/meter C) 
= air velocity in duct 
= r.m.s. averaged applied heater voltage 
= non-dimensional heat loss weighting constants 
= axial distance coordinate 
= non-dimensional axial distance coordinate, 
,., z/DHRe 
=heat flux from duct wall into fluid 
= empirical constant used to calculate dis- 
charge coefficient K 
= non-dimensional pressure drop; 
(2)(dP/dZ)(DH)/(p)(V2) 
= gravitational constant 
= calculated convective heat transfer coeffic- 
ient in duct 
= assumed convective heat transfer coefficient 
in inlet nozzle 
= thermal conductivity of air evaluated from 
bulk conditions 
= thermal conductivity of duct wall material 
= thermal conductivity of heater support strips 
= thermal conductivity of air evaluated from 
wall conditions 
= heat flow by axial conduction from an 
energy balance control volume 
= energy lost from an energy balance control 
volume to ambient 
-5- 
^-FTn-iH   = net energy gain by the fluid in an energy 
balance control volume 
lfluid 
q = energy produced by heaters in an energy 
^        balance control volume 
w = specifice weight of air 
fi =  air expansion coefficient 
lfluid = ^Ik fluid temperature increase in an energy 
balance control volume 
v
 = kinematic viscosity 
Q =  rotor, speed 
P =  density of air 
-6- 
CHAPTER 1 
INTRODUCTION 
A duct rotating about an axis parallel to 
its axis of symmetry is a common configuration found 
in large, modern utility electrical generators. The 
size and power densities of these generators has in- 
creased in recent years due to rapidly rising energy 
costs as designers attempt to increase energy conversion 
efficiency. With increasing size and power densities 
came an increase in the resistive heating occuring in 
the rotor coils and an increase in the difficulty 
of preventing heat buildup in these coils. This heat 
buildup must be minimized to prevent the rotor coil 
temperature from exceeding the maximum temperature 
rating of the coil electrical insulation. 
In order to control--coil temperatures, designers 
have resorted to placing cooling passages in the rotor 
coils. The majority of the length of one of these flow 
passages consists of a rectangular duct through the 
windings which is parallel to the -axis of rotation. 
Coolant is circulated to this and other similar ducts 
■7- 
from a distribution chamber in the center of the rotor 
and is then exhausted to another chamber in the center 
of the rotor, thus removing the heat generated by 
the windings. 
" ., ■   i. 
Although a large body of information exists 
about pressure drop and heat transfer in stationary 
circular and rectangular ducts very little is known 
about the effects of rotation on these quantities. 
Heat transfer and pressure drop in stationary 
■Si 
ducts differ from rotating ducts because of massive 
increases of body forces experienced by the flow. 
The rotating duct is subjected to gravitational forces 
many orders of magnitude greater than the stationary 
case and is also subjected to coriolis forces which 
do not exist at all in the stationary case. The huge 
increases in the gravitational forces and the application 
of a coriolis force causes secondary flows,to develope 
which significantly alter the pressure drop and heat 
transfer from the duct walls to the flow. 
A gravitational force applied to the flow creates 
a radial density gradient in the flow. The warm, less 
% 
dense fluid near the wall tends to "rise" (move radially- 
inward) and the cooler, denser fluid near the center 
of the coolant channel tends to "sink" (move radially 
outward). This phenomena creates two or more flow cells 
in the duct. Figure 1.1 shows the orientation of the 
duct and the flow cells created "by centrifugal acceler- 
ation. This flow pattern tends to scrub the duct wall, 
bringing more of the cooler axial fluid into contact 
with the hot wall. This scrubbing effect could increase 
the heat transfer from the duct wall to the fluid. The 
flow cells also increase the pressure drop in the duct 
by increasing the mass exchange of the central flow 
region with the,slower moving wall boundary layer. 
This experimental study used a 1.5 m (56 inch) 
long rectangular duct with a 2:1 aspect ratio  (radial 
height:tangential width) and a 3-175 nun (0.125 inch) 
hydraulic diameter-which is similar to the coolant 
passages of commercial utility electrical generators. 
A large centrifuge and a flow circuit were built to 
accomodate the duct. The working fluid used in the 
study was dry air. Experimental runs were made and 
data collected on pressure drop in the laminar regime 
■9- 
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Figure 1.1 Flow circuit and a section of the duct showing 
buoyancy-induced flow patterns. 
of fluid flow for both the entrance and fully devel- 
oped regions. Data on heat transfer and pressure drop 
were also taken for turbulent conditions for both the 
entrance and fully dveloped regions. The turbulent 
results cover duct Reynolds numbers from 6,000 to 
19,000. This document also compares the experimental 
data to other experimental and theoretical data. 
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CHAPTER 2 
LITERATURE SURVEY 
This chapter provides a brief outline and reports 
some of the results of the previous work done involving 
rotating ducts. 
Most of the previous work involves heat transfer 
and pressure drop in circular duct rotating about a 
parallel axis. Theoretical studies of fully developed 
laminar flow in circular tubes have been done by 
Morris (_lj using a series expansion technique and by 
Woods and Morris |2J using a finite difference tech- 
nique. Mori and Nakayama J3 present laminar results 
found by using integral methods. Experimental studies 
have been done by Morris |_M > Woods and Morris  5 and 
Sakamoto and Fukui [6 1. ^n addition Johnson and Morris 
I 7J investigated pressure drop in circular ducts for 
laminar and turbulent regimes. 
Laminar heat transfer in rectangular ducts rotating 
about a parallel axis has been examined by Morris and 
Dias I 8J and much of the work by Morris and others 
-12- 
using circular and rectangular "ducts is summarized 
in Morris [9]. 
Laminar pressure drop in rectangular ducts was 
studied by Neti et al. llOj using a finite difference 
procedure on a duct with an aspect ratio of 2:1. The 
conditions (Reynolds number, heat fluxes and Grashof 
numbers) were very similar to those in the present 
investigation. The results from [10] indicate that 
body forces of GrPr>lCK cause an increase in laminar 
pressure drop. The results also indicate that the effect 
of the body forces is less pronounced in the inlet 
region than in the fully developed region of the duct. 
Turbulent flow in circular and square ducts has 
been studied by Majumdar et ai. 11 lj both theoretically 
and experimentally. The authors obtained heat transfer 
results which they correlated as a function of a 
.0 
variable Re//"~ , where this variable is defined below: 
Re/r2 = (Re-2^11)^20/11)^0^) (2.1) 
And where the authors define Gr to be: 
Gr = (£2)(R)(/?)(2a)3(dT/dZ)(KA2)       (2.2) 
The quantity "a" is the duct radius and Z is the 
longitudinal coordinate. 
-13- 
A significant increase in heat transfer is shown 
for values of this parameter (Re//" ) greater than 0.01, 
and Nusselt numbers of almost double the stationary- 
case are shown when this parameter reaches 100 . 
Mori and Nakayama R.2J and Nakayama |13j correl- 
ated heat transfer results using a rotational Rayleigh 
number based on the axial temperature gradient multi- 
plied by a Reynolds number and a Prandtl mumber : 
(Raa)(Reb)(Prc) (2.3) 
Where a, b arid c are constants, and Ra is defined as: 
(£2)(H)(yS)(dT/dZ)(a3) 
Ra=
- RHTO {2'k) 
Stephenson [l4j studied turbulent heat transfer 
in rotating ducts and correleated the heat transfer 
coefficient against a rotational Reynolds number, J, 
where: 
J = Qd2/v (2.5) 
This non-dimensional term accounts for coriolis accel- 
eration in the flow but not for buoyancy effects, and 
the paper concludes that buoyancy terms are insig- 
nificant for most of the test conditions studied. The 
paper does find some buoyancy effects at the lowest 
-14- 
Reynolds number studied (5i500) and rotational speeds 
greater than 1,900 RPM. 
Johnson and Morris I 7j also presented pressure 
drop results in a circular rotating isothermal duct 
correlated against a rotational Reynolds number J also 
defined by equation 2.5- 
It should be emphasized that the ducts previously 
studied were relatively short, none having maximum 
length to diameter ratios greater than 85, compared 
to a maximum Z/D„ of ^50 for the present study. It is 
reasonable to expect Coriolis forces will be more import- 
ant in the short ducts and inlet region of this duct ' 
than in the fully developed region of the duct examined 
in this study, where fully developed flow results 
are given for Z/D„ >100 . 
n 
■15- 
CHAPTER 3 
EXPERIMENTAL APPARATUS AND PROCEDURE 
This chapter describes the design of the apparatus 
and the instruments used in this experiment. The 
chapter also gives an account of a typical experiment 
to illustrate the procedures used in data aquisition. 
Figure 3.I shows a sketch of the rotor. It 
consists of a hollow steel shaft which supports 
eight radial structural members. These members in 
turn support the test section housing and balancing 
counterweights. The test section housing is a 76 mm 
(3 inch) I.D. steel pipe welded at a radius of 320 mm 
(12.6 inches) from the shaft centerline. At either 
end of the housing, provisions are made on the housing 
and support arms to secure the static pressure tubes 
and thermocouple wires over the radial distance 
between the test section and the rotor hub. The 
inlet side of the rotor is attached to a positive 
drive belt which transmits power from a 3° kW (40 hp) 
variable speed dc motor. 
-16- 
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BELT DRIVE 
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Figure 3-1 Sketch of rotor, showing bearings, motor and belt 
drive, slip rings, fluid couplings and instrument 
package. 
Adjacent to the drive belt are the inlet fluid 
coupling and six slip rings. These rings and brushes 
transmit power to the heaters and transducer, and 
transmit the switching signals to the rotary solenoids. 
The slip rings, manufactured by Kirkwood Industries, 
are model number C-lll.They have a rated current 
capacity of 30 A and a rated voltage capacity of 
3000 V. The inlet as well as the exhaust couplings 
are Perfecting Company rotary union joints, Model 
number WlMOO-0. 
The rotating instrument package is attached on 
the exhaust side of the rotor. This package contains 
the equipment for measuring and switching between 
various thermocouple and pressure lines. The output 
signals from these devices are transmitted through 
low-noise slip rings, made by Lebow Associates. They 
are model number 6116 slip rings, with a maximum 
speed of 5000 RPM. These slip rings and the exhaust 
fluid coupling are located immediately adjacent to 
the instrument package. 
Figures 3.2, 3«3 and 3.^ show the details of 
the flow circuit, temperature measurement and pressure 
measurement circuits. The working fluid, which is air, 
-18- 
ORIFICE PLATE 
FLOW METER 
BLEED 
I 
LIQUID NITROGEN BATH 
 -o    
TEST SECTION 
BLEED 
POSITIVE 
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Figure 3.2 Flow circuit, showing orifice plate and positive 
displacement flowmeters, dessicant and liquid 
nitrogen bath. 
is supplied by house air compressors at 550 kPa 
(80 PSI) pressure. The shop air Tine is connected 
to a pressure regulated tank, which allows the air 
pressure in the circuit to be varied and also aids 
in filtering out small pressure and flow variations 
caused by compressor cycling. After flowing from 
the' tank, the air enters a chamber filled with 
dessicant, stripping almost all the water vapor. 
This makes it possible to cool the air to very low 
(^-100 C) temperatures without condensation and 
freezing, which would plug the air line. After 
flowing from the dessicant chamber the compressed 
air enters a metering valve and then a orifice plate 
flowmeter built to A.S.M.E. specifications fl5j • 
The flowmeter has taps located at 1.5 diameters 
upstream and 0.5 diameters downstream of the orifice. 
Gauge pressure in the orifice meter is measured in 
one of two ways: for lower pressures a 91^ mm (36 
inch) U-tube mercury manometer is used and for 
higher pressures a calibrated 0 to ^00 kPa (0 to 
60 PSI) bourdon-type pressure gauge is used. The 
pressure drop across the taps is measured by an 
inclined oil manometer. The calibration data given 
by the A.S.M.E. for this particular flowmeter type 
were checked against a positive displacement 
-20- 
flowmeter and found to agree within 0.5 percent. 
The air then flows from the flowmeter and is 
cooled when it passes through a copper coil partially 
immersed in liquid nitrogen. This is done so the 
overall operating temperature of the test section 
can be reduced to nearly ambient temperature, thus 
reducing heat loss and uncertainties in the energy 
balance calculations. After emerging from the liquid 
nitrogen the air travels through an insulated tube 
to the rotary fluid coupling and then to the test 
section. Once through the test section the now heated 
air travels through 2 m (6 feet) of 9-5 nun (3/8 inch) 
diameter copper tubing, cooling down on its way through 
the shafts, instrument package and exit rotary coupling. 
If the test is being performed at a low rate of flow 
the air is then passed into a positive-displacement 
flowmeter. From there it exits to the atmosphere. At 
higher flowrates this flowmeter is bypassed and the 
air exhausts directly to the atmosphere. 
During the experiments, some of the major problems 
that occured in this flow circuit were air leakage 
and ice buildup in the air cooler. Leaks were detected 
-21- 
by sealing the exit and pressurizing the system. The 
air supply was then cut off and the pressure drop 
in the system noted to detect any leakage. This 
procedure was done both while the rotor was stationary 
and while it was rotating. 
Ice buildup occurs when the air is cooled sub- 
stantially below the ambient temperature before 
entering the test section. It is formed by water vapor 
condensing and then freezing in the cooling coil, 
choking off the flow. This was almost completely 
eliminated by drying the air with dessicant before 
entry into, the cooling coil. Occasionaly ice did build 
up in the tube and its formation was indicated when 
the pressure upstream of the cooler gradually increased. 
When this occured the cooling coils were immersed 
in a bucket of water for several minutes to melt 
the ice. This action disturbed steady state conditions 
slightly but they returned in a short time. 
Temperature measurement (Figure 3-3) is accomp- 
lished using type K, Chromel-Alumel thermocouples. 
These are standard, commercially available stainless 
steel sheathed thermocouples made by Omega Company., 
■22- 
I 
•ENCLOSED THERMOCOUPLE SWITCH 
~CJM 
TYPE  THERMOCOUPLES 
•DUCT 
MILLIVOLT 
POTENTIOMETER 
LEADS AND 
NORTHRUP MODEL 
8686 
r — 
1CU 
1 
|CU 
POINT—'   ' 
OMEGA 
ELECTRONIC ICE 
M.I 
V 
CH, 
V 
SLIP RINGS 
■o°c 
CU   =   COPPER 
CH   -   CHROMEL 
AL   -   ALUMEL 
Figure   3.3     Thermocouple   circuit., 
The signal leads emerging from them are connected 
to terminal strips fixed to the end radial support 
arm. The terminal strips are used in the circuit so 
the test section may be removed without cutting and 
splicing wires. The thermocouple wires that are 
attached to the other side of these terminal strips 
are then connected to a rotary solenoid switch located 
inside the instrument package. This rotary switch 
selects which of the 16 pairs of leads is to be 
monitored. The switch is advanced by applying a 2.5 A, 
28 VDC pulse through the power slip rings attached to 
the solenoid leads. One pair of thermocouple leads 
is then connected between the solenoid switch and 
the output slip rings. The connections between the 
thermocouple leads and. the copper connecting posts 
on the slip rings are made on the outside of the shaft 
where the junction is exposed to moving ambient air. 
The copper leads emerging from the stationary side 
of the slip rings are routed back to a point approx- 
imately 5 mm (0.2 inches) from these rotating junctions. 
Two more junctions, this time back to the Chromel- 
Alumel leads, are made here. The pair of thermocouple 
leads coming from this stationary junction is then 
routed back to an Omega Company electronic ice-point 
reference junction. The wiring is done in this manner 
-24- 
to keep these dissimilar material junctions at nearly 
indentical temperatures and minimize the added 
voltage errors in the circuit. 
Errors in the above circuit contribute to the 
basic thermocouple circuit innacuracies in 3 places: 
The terminal strips attached to the support 
arm: this junction consists of Ghromel-Alumel 
wires bolted to copper strips and then back to 
Chromel-Alumel wires. The junctions are made 
on the same copper strip, approximately 5 nun 
(0.2 inches) apart, and are exposed- to moving 
ambient air. 
The solenoid switch: the Ghromel-Alumel leads 
are attached to copper posts, through copper 
switches and soldering posts and back to Ghromel- 
Alumel leads. All of these switches and connections 
are enclosed in a 120 mm (4.9 inch) diameter , ?0 
mm (2.75 inch) long aluminum cylinder located in 
the instrument package. 
The junctions at the slip rings, described 
previously. 
-25- 
Rather than attempt to calculate these possible 
errors, the thermocouples were calibrated in the circuit 
they were to be used in. Calibration at the ice point 
and in boiling water showed the thermocouples to be 
within 0v5 C of their "true" value and 0.25 C of each 
other . The way in which the data are analyzed makes 
the the relative (thermocouple to thermocouple) error 
much more important than the absolute temperature error, 
so the 0.25 C accuracy quoted above should be used as 
the overall measure of temperature uncertainty. 
The thermocouple calibrations were performed 
while the duct was stationary. Thermocouple accuracy 
in the rotational mode of operation was checked by 
bringing the test section to some steady state temper- 
ature while stationary and then increasing the 
rotational speed quickly to some .higher value. While 
this was done, the temperatures were monitored and 
any temperature changes were noted. Since rotating 
the duct increases its heat loss to ambient, the 
readings had to be made immediately after the speed 
change and before they had time to be influenced 
by the increased heat loss. This was done and no 
temperature changes could be noted as a result of 
increasing the speed. 
-26- 
A digital thermometer was used to monitor the 
temperatures while the duct came to steady state 
conditions. A high precision Leeds and Northrup model 
8686 potentiometer was then used for final measurement 
of steady state temperatures. 
Static pressure readings (Figure 3-^) are trans- 
mitted from the taps through 1.6 mm (l/l6 inch) I.D. 
Nylon of Teflon tubes connected to a solenoid driven 
fluid switch located in the instrument package. This 
fluid switch was manufactured by Scanivalve Corp., 
and is composed of one W0601/1P-12T fluid switch wafer 
and a rotary solenoid drive, model number WSl-12-24vdc. 
The pressure line to be monitored is selected by 
applying a 1.5 A, 28 VDC pulse through the slip rings 
connected to the solenoid leads. The fluid switch 
is a simple movable rigid stainless steel tube enclosed 
by two wafers. The solenoid rotates this tube to connect 
with one of 12 stationary radial stainless steel 
tubes which are then connected to the incoming pressure 
lines. The other end of this tube is connected to a 
stationary output tube, which is then attached to 
another static pressure line fixed to one side of 
the pressure transducer. 
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Figure 3.^  Pressure measurement circuit. 
The pressure transducer is a Validyne model DP-7 
connected to a Validyne model CD16 miniature carrier 
demodulator. The transducer works by applying a 5 kHz 
square wave across inductive coils on either side of 
a flat diaphram. Deformations in the diaphram caused 
by pressure variations change the inductance of these 
coils. A demodulator measures the the inductance and 
converts it into a 0 to 5 Vdc voltage output, which 
has a linear relationship to the pressure differential 
across the diaphram. This signal is then measured across 
the output slip rings by a digital voltmeter. Both the 
transducer and the demodulator are located inside the 
instrument package. The transducer is mounted in an 
orientation such that the diaphram sensing element 
is located in the rotational plane, and is centered 
about the axis of rotation. This location minimizes 
diaphram distortion caused by centrifugal acceleration. 
The negative pressure port of the transducer is left 
open to the atmosphere so the actual gauge pressure 
in the duct is measured rather than pressure differences 
between taps. 
A calibration of the pressure transducer was done 
for every experiment because a slight drift was observed 
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in the calibration curve of the transducer, and 
because rotation does produce some distortion of 
the pressure readings. Calibration was performed 
by sealing and pressurizing the test section. Under 
these conditions, the pressure inside the section is 
now the same as the pressure inside the orifice plate 
flowmeter since there is no flow in the circuit. The 
pressure was then measured with the U-tube manometer 
or the Bourdon gauge and noted along with the voltage 
output of the demodulator. A least squares curve fit 
of the pressure versus voltage was done, producing 
a linear pressure versus voltage calibration curve. 
The calibration was performed after every test and 
was carried out at the same rotational speed as the 
test itself. A slight error is introduced  into the 
calibration curve by calibrating the transducer while 
the rotor is spinning. The error results from hydro- 
static pressure caused by centrifugal body forces 
acting on the column of air in the pressure line 
which connects the duct to the rotor hub. Calculations 
showed this error to be negligable. 
l.. i 
Figure 3-5 shows a detailed drawing of the test 
section. The section was machined in, four pieces from 
-30- 
THERMOCOUPLE THERMOCOUPLE 
i 
RES I STANCE 
HEATERS 
INLET 
— THERMOCOUPLE 
INSULATION 
SECTION   AA 
(SHOWN  WITH   INSULATION) 
Figure 3.5    Sketch  of   test  section, 
type 316 stainless steel. The two sections which make 
up the actual duct are approximately 1.5 m {55-^ 
inches) in length and 25 mm (1 inch) by 12.5 mm 
(1/2 inch) in outer crossection, with the lower bar 
having a 2.38I mm (3/32 inch) wide by ^.763 (3/16 inch) 
deep flow channel milled in it. 
On one side of the duct, a thermocouple is mounted 
in the inlet airstream. The thermocouple sensing tip 
is located at the center of the flow channel approx- 
imately 10 mm from the duct inlet, and is supported 
in a stainless steel tube. Holes were drilled in the 
duct wall at 16 equal intervals of 92.86 mm (3>636 
inches). The thermocouples which measure wall temper- 
atures were inserted into these holes. Because of 
space limitations only 1^ thermocouples were used to 
measure wall temperature, leaving two holes unused. 
All 16 holes were packed with conductive silicon paste 
to reduce thermal contact resistance. A thermocouple 
is also mounted in the exit jet of the duct. Adequate 
mixing of the exit air (so the average bulk temperature 
is measured) is promoted by jet impingement on a 
bulkhead placed in its path. During a test run the 
last 2 or 3 sections of the duct were always isothermal 
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so upon exit the air temperature was constant across 
an axial (x,y) plane. 
The static pressure taps are located at the 
same axiial locations as the thermocouples. Again, 
because of space limitations only 11 taps were used. 
The taps were made by drilling 0.4 mm (1/64 inch) 
holes into the duet. These holes were drilled before 
assembly of the two duct halves so they could be • 
deburred and checked for square edges. The holes were 
widened and tapped with pipe threads. Pipe plugs 
fitted with steel tubulations fitted into these 
threads. Flexible Nylon or Teflon tubing fitted over 
these tubulations was used to transmit the pressure 
signals to the instrument package. 
The duct is heated by electric thermofoil resist- 
ance heaters attached to the outer walls of the test 
section. The 32 heaters, specially ordered from Minco 
Products Inc., are Kapton type strip heaters, each 
rated for 15 W at 208 V. Both'sides of the heaters are 
coated with silicon conducting paste to smooth out 
"hot spots". This prevents damage to the heaters and 
promotes uniform heat flux through the walls. Supporting 
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the heaters are k  type 3°9 stainless steel strips 
sandwiching them to the duct. Insulating the duct 
are cork pads layered over the stainless steel strips. 
The cork is arranged to provide an equal thickness 
of insulation along the length of the. duct. The cork 
was chosen because of its low weight, high insulation 
value, resistance to temperature extremes and the ease 
with which it can be cut and shaped. The 'ends of the 
test section housing were covered with styrofoam plugs 
to reduce axial heat loss from the ends. 
A typical experimental run began with the rotor 
being ahecked for loose bolts and wires and proper 
bearing oil level. The rotor was brought up to a speed 
of 125 RPM to insure good contact between the slip 
rings and brushes, then power was applied to the heaters. 
Initially a power level of 250 W was applied to bring 
the test section and housing up to a temperature of 
approximately 100 C quickly. Single phase 117 VAC 
l,ine current was used as a power source,, and a Variac 
was used to adjust the supply voltage to the heaters. 
The power consumed by the heaters was measured by a 
wattmeter. The R.M.S. voltage across the heaters was 
measured occasionally and the overall heater resistance 
calculated from this quantity and the wattage. This was 
-34- 
done to verify that none of the heaters had burned out 
or short circuited. 
After the test section and housing were heated 
sufficiently, the rotor speed was set at the proper 
experimental value. The rotor speed was measured by 
a Herman Sticht Company model 210 induction type 
tachometer with a k  digit L.E.D. RPM display. The flow 
was then turned on and adjusted to its approximate de- 
sired value, the coolant coil was inserted into the 
liquid nitrogen and the insulation on the line between 
the coil and the rotor was secured. At this point 
several minutes were taken by the experimenter to 
set the desired flowrate more precisely. For the next 
several hours the thermocouples were monitored and 
the temperature of the most sensitive (hottest) and 
the inlet thermocouples were noted. 
/ 
/ 
In successful runs, not only must steady state 
conditions be met but attempts must also be made to 
cool the inlet fluid and duct entrance region to within 
2 C of the ambient temperature. The maximum temper- 
ature of the duct must be kept below 110 C to avoid 
duct damage. Duct temperature was controlled in two 
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ways: coarse adjustments were made by controlling the 
amount of the cooling coil immersed in the nitrogen. 
Finer temperature control was achieved by adjusting 
the Variac to cut or boost heater power. Steady state 
was assumed when the temperature of the hottest 
thermocouple, which took the longest to reach steady 
state, and the inlet air thermocouple varied by no 
more than 0.2 C in a 0.5 hour period. 
After steady state conditions were reached all 
of the thermocouple voltages were measured and recorded. 
This took approximately 2 minutes. Readings were taken 
at the flowmeter to determine flowrate and pressure 
readings were taken for the friction factor calculation. 
Barometric pressure and ambient temperature were then 
noted, as well as the heater voltage and wattage. The 
experiment was then complete, having taken from 2 to 
6 hours to come to steady state and requiring about 5 
minutes of data recording. 
If another experiment was to be run to take 
advantage of near steady-state conditions, the new'' 
flowrate, rotor speed and heater power were then set and 
the above procedure repeated. If the experiment was to 
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be shut down the heater power was shut off and the test 
section was allowed to cool for several minutes. The 
coolant coil was removed from the liquid "nitrogen 
bath and the flow cut off. The flow circuit was 
sealed and the duct re-pressurized. The pressure 
transducer calibration was re-checked while the test 
section cooled. The flow was then cut off again and 
all of the instruments as well as the rotor were shut 
off. 
This chapter has described in detail the instrumen- 
tation used in this experiment as well as the con- 
struction of the experimental apparatus. It has also 
given an account of a typical test run. 
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CHAPTER b 
DATA ANALYSIS 
This chapter gives an explanation of the methods 
and assumptions used to analyze the raw test data. The 
o 
bulk of this analysis was done by a Fortran computer 
program, and was accomplished in 4 parts: The first 
part involved curve fits of discrete data and sub- 
jective examination of the data for anomolies and 
agreement with the fitted curves. The second part • 
involved a series of energy balances done by the 
program to determine fluid temperatures throughout 
the duct . The third part, done by the program, 
involved the computation of friction factor and fluid 
properties in the flow channel. The fourth part, also 
done by the program, was the computation of the actual 
results (Nusselt and Grashof numbers etc.). 
For each run 12 to Ik  wall temperatures were 
recorded, as well as the entrance and exit nozzle 
thermocouple voltages . Rotor speed,"-ambient temp- 
erature, applied heater voltage and power dissipation 
were also measured and noted, as well as voltages 
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produced by the pressure transducer as it was switched 
between pressure taps. If the flowrate was to be 
determined by the orifice plate flowmeter the static 
pressure upstream of the orifice plate was measured 
to determine the gauge pressure in the flowmeter, and 
the upstream to downstream tap pressure (at the vena- 
contracta) differential was noted. Absolute pressure 
in the orifice plate was found by adding the upstream 
tap pressure to the measured barometric pressure. If the 
positive displacement flowmeter was to be used to 
measure flowrate then the final water column height 
and elapsed time of water column drainage were noted. 
A calibration of the pressure transducer was done after 
every experimental run and the readings of the pressure 
and corresponding voltage outputs of the transducer 
were noted. A programable calculator was used to fit 
a linear least squares curve to the transducer 
calibration data. This equation for the line was then 
used to convert the transducer voltage measurements 
into pressure measurements. 
After each experiment was completed a graph was 
plotted of wall temperature versus axial location. 
This allowed the author to spot anomolous temperature 
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readings. Occasionally a pair of thermocouple leads 
shorted together or broke completely due to chafing 
and pinching caused "by high G forces and vibration, 
giving temperature readings 10 C to 50 C less than 
the experimenter expected. These bad thermocouples 
were easily verified by spinning and heating the duct 
with no air flow through it. Without flow all of the 
thermocouples should read approximately the same 
temperature. Thermocouples were labeled "bad" if the 
E.M.F. reading was erratic or did not come within 5 C 
of its expected value, which was the same as the 
adjacent thermocouples. There were enough closely 
spaced thermocouples used in the duct wall (1*0 so 
that several non-adjacent ones had to break before 
there was serious uncertainty in the actual measured 
temperature readings. The readings from thermocouples 
labeled "bad" were ignored in the test and subsequent 
analysis or until they were repaired. A low thermo- 
couple reading could have also indicated a burned 
out heater, but heater resistance was calculated from 
the applied heater" voltage and power dissipation 
periodically during the experiments to verify heater 
integrity. 
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A graph of pressure versus axial location was then 
plotted for the same reason as above. Anomolous pressure 
readings were caused by broken or clogged static 
pressure tubes. "Bad" readings invariable showed the 
pressure at that tap to be near atmospheric. Broken 
tubes were found by pressurizing the test section 
and checking for leaks. If no leak was found the tube 
was assumed to be clogged and was ignored in any further 
analysis. A further benefit arose from graphing the 
pressure readings by allowing the author to see 
approximately where the flow was fully developed hydro- 
dynamically. 
The raw data were also compared to other similar 
test runs to spot any unexpected readings. 
The data generated by the experimental run were 
then analyzed by a Fortran computer program. The 
first act of the program was to take the wall temper- 
ature data and fit a fourth order least squares poly- 
nomial curve through the points. The fact that there 
were three  times as many data points as the order 
of the curve helped insure that a smooth curve was 
fitted through those points. The fitted curve was 
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printed and plotted out for visual inspection and was 
used throughout the program to calculate and inter- 
polate for wall temperatures. 
The program then'determined the mass flowrate in 
the duct. At high flowrates (above a duct Reynolds 
number of 6,000) an A.S.M.E. standard orifice plate 
flowmeter was used. The flowmeter had a diameter of 
38.13 mm (1.501 inches) and an orifice diameter of 
.7.62 mm (O.3OO inches), giving a d/D ratio  of 0.200. 
The pressure taps were located at 1.5 pipe diameters 
upstream and 0.5 pipe diameters downstream of the 
orifice. The flow calculations were made using standard 
orifisceDlate equations (l5J • where an "ideal" flowrate 
derived from the Bernoulli equation was calculated: 
Mideal (Aorif^ 
2(g)(w)(P1 - P2) 
L 1 - (d/D) 
A discharge coefficent was defined: 
W (4.1) 
Cd = factual>/<Mideal> (4.2) 
And a flow coefficient was defined; 
K P (d/D) TT ( 43) 
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Empirical relations are provided for the above variables 
from Benedict KL5| : 
K = KQ + (l,000)(b)/(Re0») (4.4) 
b = 0.0002 + p-0^11] + (4.5) 
(0.0038+ -^-^)[(d/D)2+(l6.5+5D)(d/D)1^] 
Since K depends on the Reynolds number in.jthe flow- 
meter the calculation of mass flowrate is an iterative 
process. The program initially assumes a discharge 
coefficent K of 0.6l which is normally very close 
to the actual discharge coefficent. The flowrate is then 
calculated using this coefficent. Once the flowrate is 
calculated a new discharge coefficient is found from the 
flowrate and another iteration is done for the flowrate. 
This iterative process continues until Successive iter- 
ations of the mass flowrate converge to within 0.01 
percent. 
At lower flowrates (duct Reynolds numbers less than 
6,000) a positive displacement flowmeter was used to 
determine the flowrate. The flowmeter is a sealed up- 
right plexiglass cylinder calibrated for air volume 
versus water column height. The program uses the volume 
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displaced by the air, the air pressure and the measured 
time to fill the flowmeter to calculate the flowrate 
through the duct. | 
The program then used energy balances to analyze the 
data, computing an energy balance for the entire duct 
and then computing balances on smaller duct sectionj 
to find the bulk fluid temperatures and energy flow 
into the fluid at successive equally spaced axial 
locations. These energy balances were necessary since 
fluid temperatures could not be measured directly inside 
the duct. 
In initial, non-rotating, well insulated experimental 
runs the bulk temperature in the duct exhaust plenum 
was measured by a type K thermocouple. In most cases 
it was fqund to be different from the wall temperature 
i 
at the outlet. The wall temperature also steadily in- 
creased along the length of the duct in these runs. 
Figure 4.1 is an example of this, it shows a steadily 
increasing wall and fluid temperature. The experimental 
run shown was done while the duct was located on a 
benchtop and was wrapped with fiberglass thermal insul- 
ation to a thickness of 3° cm (1 foot). However in all 
of the rotating experimental runs the wall temperature 
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Figure 4.1  Fluid and wall temperature profiles of a typical 
heavily insulated stationary experimental run. 
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tended to "saturate", or to stop increasing at about 
60 percent of the duct length and the exhaust plenum 
thermocouple read approximately the same temperature 
as the duct wall. This was due to a greatly decreased 
amount of insulation around the duct. A typical profile 
of the wall and fluid temperatures is shown in figure 
4.2. 
The leveling off of the duct wall temperature seen 
in figure 4.2 implies a leveling off of the fluid 
temperature, meaning the air flow in that region has 
become adiabatic. If the air flow is adiabatic it must 
then be at the same temperature as the duct wall, which 
is confirmed by the exhaust thermocouple. In the ex- 
perimental runs where an adiabatic section was found 
to occur, the exit temperature of the air was assumed 
to be equal to the wall temperature at the axial position 
where the slope (dT/dZ) of the wall temperature was 
zero. All of the energy balances were then carried 
out between the inlet and the adiabatic section and 
the adiabatic section of the duct was effectively ignored 
in all further calculations. Figure 4.2 shows the axial 
location of the beginning of the adiabatic section 
with a dashed line labeled "analysis cutoff". 
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Figure 4.2  Fluid and wall temperature profiles of a typical 
rotating experimental run. 
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Figure ij.. 3 shovys the control volume used in doing 
the energy balances. The duct was divided into 16 equal 
sections, each 9-375 cm in axial length. Each section 
was centered about a thermocouple/tap location. The 
energy produced by the heaters must follow one of three 
paths to escape the control volume: 
1. Into the fluid. 
2. Axially upstream or downstream through the duct 
walls and stainless steel strips placed on 
the outside of the heaters. 
3- Into' the test section housing pipe and then 
to the environment. 
Axial conduction was relatively straightforward 
to calculate. The crossectional area of the duct and 
strips were known as were their conductivities. The 
temperature gradient was found by differentiating 
the fourth order temperature fit described above and 
evaluating it at the section boundaries. The heat flow 
was assumed to be parallel in the duct walls and strips 
(implying the same temperature gradient existed in 
both): 
q   ,= - f(k,  , )A,  .  + (4 .6) 
^cond   V   duct7 duct v   ' 
(k , .  )A , .  l(dT/dZ) 
strips  strips_T ■' 
The above equation was applied at 17 locations, 
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Figure  <')• . 3     Control   volume   used   in   energy   balance   calculation; 
which were the boundaries of the 16 above mentioned 
control volumes. This gave the thermal energy conducted 
axially throught the duct wall at the inlet and exit 
boundaries and at the 15 common boundaries between the 
control volume sections. 
Once the axial conduction information was known, 
an overall energy balance was performed on the duct. 
The control volume for this balance included the entire 
test section, exclusive of the inlet nozzle and exit 
plenum, as well as the test section housing. The energy 
produced by the heaters was equated to the sum of the 
energy gained by the fluid, lost out of the duct ends 
and lost from the test section housing to the ambient 
surroundingss 
Qamb = Qgen " Qfluid " Qcond (4.7) 
A heat loss coefficient U-, , was then defined: 
U, = (Q  J(T  - T 0/(1.5) ( ^.8) 1   v amb  ave  amb ' ' 
The factor "1.5" appears in the above equation 
because the duct is 1.5m in length. The heat loss 
from any one of the 16 control volume sections is then 
given by the equation: 
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q,   = U., (L   , .  )(T   . .  )(W. ) (4.9) 
^loss  1  section  section  1 
The weighting constants "W" were used because 
the heat loss to the test section housing from any 
two control volumes was not necessarily equal if 
the temperatures of these two control volumes were 
equal. Although the duct was designed to have a cons- 
tant insulation thickness along its length, heater and 
thermocouple wiring prevented the achievement of this 
goal. There were 16 weighting constants, one for each 
of the 16 sections. They were determined from cali- 
bration experiments: The duct was heated to steady 
state .conditions with no air flow while it was rotating. 
All heat loss must then occur due to axial wall con- 
duction or loss to the ambient surroundings, so the 
ambient heat loss from each control volume was known 
very precisely. The loss from each volume was then com- 
puted and the weighting constant taken to be the ratio 
of the temperature differential between that section 
and the ambient temperature to the temperature differ- 
ential between the average duct wall temperature and 
the ambient temperature. These constants ranged from 
0.90 to 1.1-0 and were a method for accounting for 
the varying insulation thickness along the length 
•51- 
of the duct. 
Once the heat loss from each control volume was 
found from the above equation, an energy balance was 
computed on each of the 16 volumes to giye the energy- 
gained by the fluid in that volume: 
*fluid = qgen " qloss + ^cond ( kl0) 
From the energy gain in each volume the temperature 
rise in each volume was found: 
4Tfluid = Ufluid)/(M)(Cp) (4.11) 
Once the fluid temperature rise in each volume 
was found the fluid temperature at each of the 15 
boundaries was calculated as the inlet temperature 
plus the sum of the temperature rise in the preceding 
control volume sections. 
Since it was impossible to mount the inlet airstream 
thermocouple precisely at the duct inlet because of 
structural support and flow blockage considerations 
it was mounted approximately 6 mm upstream of the 
inlet. Figure 4.4 shows the manner in which the inlet 
thermocouple was mounted. Because of this mounting 
difficulty the actual inlet fluid temperature had to 
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be estimated from the measured inlet thermocouple 
temperature and an expression for the energy trans- 
fered into the fluid between that thermocouple and 
the duct inlet: 
T. ,  " = T   + (4.12) 1inlet    ent V+.i*; 
-^
hinlet^Ainlet^Twall, inlet" Tent^ 
(M)(Cp) 
The only non-measured variable in the above equation 
is h. , ,. the convective heat transfer coefficient inlet 
in the region of the inlet nozzle. This was found 
from low Grashof number experiments for which the fully 
developed turbulent Nusselt number downstream in the 
rectangular test section should agree with the Dittus- 
Boelter relationship between the Nusselt, Prandtl 
and Reynolds numbers. The "h" was adjusted at various 
Reynolds numbers until the Nusselt number of these 
experimental runs agreed with the Dittus-Boelter 
prediction. From these adjustments an expression was 
found relating "h" to the Reynolds number of any given 
experimental run. This coefficent was assumed to be 
independent of the Grashof number of the experiment. 
When this method of adjusting the inlet temperature 
was used the fully developed turbulent Nusselt number 
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results of the low measured Grashof number runs agreed 
not only with the Dittus-Boelter prediction but also 
with the results of the heavily insulated benchtop 
experimental runs which had much less relative error 
in the computation of results because of the extra 
insulation. 
After determining the bulk fluid temperature at 
the inlet and 15 control volume boundaries the program 
then fit a 3rd order least squares polynomial to the 
pressure drop data. In general 8 to 10 pressure readings 
were taken along the length of the duct. The fitted 
polynomial was then differentiated to obtain an expression 
for dP/dZ. This expression, along with the bulk fluid 
temperature and pressure information found previously 
was used to calculate the friction factor at 16 pressure 
tap/thermocouple locations. To find air density Il6j : 
P = o.o^32i3(p)/(i + o.003671) (4.13) 
The continuity equation was used to find the air 
velocity: 
V =_(M)/(p)(A) (4.14) 
And finally to find the friction factor f: 
f = (2)(dp/dz)( DH)/(p)(V2) (4.15) 
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Friction factor as a function of axial location 
i 
was printed and plotted by the program for visual in- 
spection. Figue if.. 5 shows a typical result. 
After determining the friction factors the 
program then calculated the remaining non-dimensional 
results of the experimental run, namely the Nusselt and 
Grashof numbers at the l6;*axial locations. To find the 
convective heat transfer coefficient: 
h =  
qfluid  (4.16) 
(A
wall^Twall~Tfluid^ ' 
To calculate the Nusselt number: 
Nubulkv^(h)(DH)/(^ulk) (4.17) 
Nuwall  =   ^(V^wall) <^18) 
And finally  to   calculate   the Grashof number: 
er . W(fl2>(qfluid/Awall)(vw 
The last act of the program was to print out 
and plot the wall temperature, fluid temperature, friction 
factor, Nusselt and Grashof numbers. Compilations were 
then done of the test results for later examination 
and plotting. 
-56- 
I 
-a 
i 
0.0400 
0,0375 
^ 0o0350 
0.0325 
0.0300 
REYNOLDS NUMBER 
|_ DIMENSIONLESS 
PRESSURE DROP 
9,000 
X) 
m 
89500 =£ 
O 
r 
a 
8,000 w 
z 
c 
7,500 5 
m 
x 
7,000 
0   50  100  150 200 250 300 350 400 450 
L/D 
Figure ^.5  Axial variation of friction factor and Reynolds 
Number in a typical rotating experimental run. 
REYNOLDS  NUMBER 
O 
O 
o 
O 
O 
LD 
O 
O 
O 
O 
O in 
o o o 
o 
o 
o 
0)           00 CD r^ r- 
— 
1       1 
DC 
1 1 1 
LU 
CD 
^ 
■D 
Z 
(D 
Q 
— 
_! 
O 
z 
>- 
in tr /    /  \         — 
— 
N
L
E
SS
- 
DR
OP
 1 
EN
S 
10
 
SS
UR
E 1 
!         1 1 -
 
DI
M 
PR
E 1 
o LD o LD o 
o r^ LD r\i o 
^r m m m m 
o o o o o 
o 
o T3    • 
ID H   C 
^f O   3 
CD H O K  rf 
o P 
^ T3)   G C   CD 
d  S 
•H 
O £-.  U 
LD 
m 
O   CD 
-p ft 
o X 
nJ CD 
Vl o M o c £ 
n O -H •H P 
-P ctf 
O P o •H   O 
LD SH  U 
M      Q        ^H 
S            ^   OJ 
^         1         o o 
o c ft 
N O    >5 •H P 
-p 
rt nj O •H 
LD 
> 
u 
H   CD O nJ £> 
o •H   S X  3 
T-* < a 
o 
ID 
O 
CD 
u 
•57- 
Not all of the results produced by the program 
were compiled and accepted as being "good" data. 
Almost all of the experimental runs showed large changes 
in Nusselt number and other results beyond some axial 
location, which was usually near the midpoint of the 
duct length. The Nusselt number should, based on phys- 
ical reasoning, approach a constant or stabilize at 
a constant value at some axial location. Figure k.6 
shows a plot of the Grashof and Nusselt numbers for a 
typical turbulent experimental run. This plot shows 
the Nusselt number varying a great deal past an axial 
location of 250 diameters. A close examination of these 
fluctuations revealed that the Nusselt number became 
erratic when the temperature difference between the 
wall and fluid became small (less than approximately 
7 C). It also fluctuated when the energy absorbed 
by the fluid became a small percentage (about 15 
percent) of the energy produced by the heaters. 
The explanation for the erratic nature of these 
results lies in the relative uncertainty of the energy 
balance calculations. Since the bulk fluid temperature 
was calculated as the sum of the fluid temperature 
increases in the preseding control volumes, any error 
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in these calculations was additive: If the energy 
balance overestimated the fluid temperature rise by 
0.5 C in each control volume then the computed bulk 
fluid temperature was 5 C higher than the actual bulk 
fluid temperature after the 10th control volume section. 
Small absolute errors in the energy balances also 
created large relative uncertainties in the amount of 
energy transfered to the fluid: A 5 percent relative 
error in an energy balance produces a 33 percent 
relative uncertainty in the energy transfered to the 
fluid when only 15 percent of the energy generated 
by the heaters is absorbed by the fluid. 
For the above reasons a criteria was developed by 
trial and error which eliminated results with large 
relative uncertainties: Results were discarded if the 
differential between the bulk fluid temperature and the 
wall temperature was less than 7.5  C or if less than 
15 percent of the energy produced by the heaters was 
transfered to the fluid. This criterion is shown on 
figure U-.6  as a dotted line labeled "data cutoff". 
Only the results- which met this criterion were tabulated 
and plotted. Unfortunately,none of the laminar rotating 
experimental runs met this criterion, so the heat transfer 
results of these runs were discarded. 
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CHAPTER 5 
RESULTS 
Experimental pressure drop results obtained in 
the laminar flow regime and turbulent heat transfer 
and pressure drop results are described in this 
chapter. The data presented cover  stationary duct 
results as well as data for Grashof numbers that 
could be achieved for a particular Reynolds number 
in the test set..up., described. 
Figure 5-1 shows fully developed dlmensionless 
pressure drop results for the isothermal experimental 
runs. Some of the data plotted were obtained while 
the duct was stationary and the rest were obtained 
while the duct was rotating at 500 RPM. These 
experiments were done to give confidence in later 
pressure drop results. The data show good agreement 
in the laminar region with a curve obtained from 
Neti et al. flOJ for a 2:1 duct with a very small 
(9 W/m ) heat flux. The curve and the points on it 
also equal the laminar pressure drop results of a 2:1 
duct: fRe=62. The turbulent data points correlate 
-61- 
I 
ON 
[V) 
I 
^ 1 .00 
Q_ 
O 
cr 
c 
LU 
cr 
D 
tn 
in 
LU 
cr Q_o. 10 
un 
in 
UJ 
_l 
~7 4.  
o 
z 
LU 
i r i—i  i i i i i—i—i  i i i 
q/A)p =900   W/M< 
Neti   et   a I. [ 10 i: 
(q/A)    =9  W/M 
(Neti    et   a I. [ 10 ] 
1/#=2.0L0G     Re*#-0.B 
WHERE   Re*=l.03Re 
(Jones   [  17 1) 
OO.Ol L- 
10' 
. J L_J I    I   I   1 I 1   1    Mill J I    I   I   I  I 
10 10 
REYNOLDS   NUMBER 
10 
Figure 5-1 Fully developed isothermal pressure drop results. 
•29- 
DIMENSIONLESS PRESSURE DROP,P 
o o — 
o 
o 
o 
o 
CD 
3 
CD 
CO 
CO 
C 
CD 
P. 
o 
(0 
CO 
c 
\-> 
c+ 
CO 
o 
cm 
c 
4 
CD 
U\ 
H* 
"Tj 
c 
M 
M 
<< 
P- 
CD 
< OJ 
CD m 
O 
-< 
CD z 
P^ o 
H- r 
M n O 
H- CD 
l\) 
o 
LJ 
c 
m  _ 
3  o 
o 
1 1    1 1 1   1   1  1 1 1 1 1
 iy 1 1 1 z 
CD 
ct 
0 " 
  
<T > 
  
11 
* CD 
_ ,__ 3= _ 
- o N - 
— 
" 
  
z 2 
CD X ■ 
cf > 
— 
Q CD 
H _ 
cf CD 
- %J Q O O - 
— m i • X — 
— x ii »— 2: — 
— m I\) 
B 
O l\) — 
A, 3J 
CD 
* 
o r 
o 
-*~ 
- 
CD 
CO 
m 
o 
o ,- 
— 
~ 
10 
CD f — 
— 
^1 o 
CD - 
— 
c 
— 
- 1 1 1 1   1   1 1 1 l 1 1 1 1 i i r 
en 
well against results for a 2:1 duct given by Jones 
[17J • The transition data show typical transitional 
behavior. Transition appears to begin at a Reynolds 
1 
number of approximately 2,200 and the flow becomes 
fully turbulent at a Reynolds number of about 6,000. 
More laminar stationary isothermal results are 
plotted in figure 5.2 showing flow development. 
The dashed curves are experimental resolts with their 
associated error.bands and the solid curves are the 
finite difference results of Neti et al. nOj . The 
discrepancy between the two curves may be due to 
dissimilarities between the two duct inlets. The 
finite difference model assumed uniform axial velocity 
at the entrance while the flow in the experiment was 
forced to travel radially outward, through a sharp 
bend and then through a convergent nozzle to the 
duct. The error bands shown are the result of a worst 
case error analysis, where the error in mass flowrate 
is assumed to be additive to the error in the pressure 
readings. 
Figures 5-3i 5-^ and 5-5  show the effect of 
buoyancy forces on pressure drop. Figure 5-3 shows 
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Figure 5-2  Dimensionless pressure drop variation for 
stationary, isothermal experimental runs. 
how fully developed non-dimensional pressure drop is 
affected by the Grashof number. The data appear to 
have a trend of slightly increasing pressure drop 
with increasing Grashof number,The solid curves are 
for constant again the finite difference results of 10 
p 
heat flux cases of 9 and 900 w/m , where only the 
higher heat flux case was computed for higher Grashof 
numbers. The data points generally fall slightly 
o p 
below the 900 w/m heat flux curve and above the 9 W/m 
curve which is to be expected since the experimental 
heat fluxes also lie in this range. The scatter in the 
data is due not only to uncertainties in computation 
of the wall heat flux, mass flow rate and the measured 
static pressure readings but also from variations of 
heat flyx from run to run and even axial heat flux 
variations when several points are plotted from the 
same run, and heat flux does have a considerable effect 
on pressure drop. 
Figures 5«^ and S'5  also show the Grashof number 
effects on pressure drop in the entrance region of the 
duct. Figure 5-^ shows the non-dimensional pressure 
# 
drop at an axial location Z  of 0.05 and figure 5-5 
# 
shows the same variables at an axial location Z  of 0.03- 
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Both plots show the marked dependence of pressure drop 
on Grashof number. The data points shown on these 
graphs all have approximately the same wall heat flux 
as the curves plotted from 10 and so they are scattered 
both above and below the curves, and not just below 
the curves as the data shown in figure 5«3» 
Figure 5-6 and the accompanying table 5-1 summarize 
the laminar pressure drop experiments with heat transfer, 
The curves plotted show dimensionless pressure drop 
throughout the length of the duct, with each solid 
curve representing the results of the finite differ- 
ence analysis of jlOf and each dashed curve represent- 
ing an experimental run. Curves "H" and "I" have 
p 
heat fluxes of 900 and 9 W/m respectively and have 
no rotation and hence Grashof numbers of zero, but the 
curves have very different pressure drops, thus showing 
the effect of heat flux on pressure drop. Curves "G", 
"F" and "E" have Grashof numbers comparable 'to exper- 
imental curves 1-6 and their dimensionless pressure 
drops are comparable. But the pressure drop of the 
experimental curves tends to decrease much more quickly 
than the finite difference curves in the inlet region. 
This can be explained by the fact that the curves 
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NUMERICAL RESULTS (Neti  e t  al.    ClOj ) 
A 2000 1787 10,000 3,304 900 900 \       0 0.134 2012 
B 2000 1796 2,500 882 900 900 0 0.128 2016 
C 1000 894 1 ,600 548 900 900 0 0.134 2010 
D 2000 1796 1,000 346 900 900 0 0.128 2001 
E 500 449 640 224 900 .   900 0 0.128 2014 
F 250 227 160 54 900 900 0 0.120 2 013 
G 500 447 63 21.1 900 900 0 0.134       2011 
H 2000 1796 0 0 900 900 0           i   0.128 2015 
1 I 1800 1770   , 0 0 
 JL_ 
AL  RESUL 
„  ?. 0           I   0.120 2017 
1-1 
1 EXPERIMENT TS 
1 1622 1556 312 0 2501 0 0.0089      i   0.2913 i     75 
2 1987 1842 258 0 1994 0 0.0073      1   0.2461  1     74 
3 1980 1856 115 0 2885 0 0.OO73           0.2442 |     78 
4 I663 1616 294 0 2611 0 0.0087      !   0.2804 j     68 
5 1899     ; 1807 94.2 ,   0 2733 0 0.0076 0.2508        77 
6 1678 1599 85-8 0 2473 0 0.0086 0.2834 j     76 
Table 5-1  Summary of laminar pressure drop results shown on figure 5.6 
from [loj are curves of constant heat flux, and their 
associated Grashof numbers decrease from their inlet 
values to approximately one third of their inlet values 
at the exit. The experimental curves on the other hand 
have heat fluxes which vary much more drastically than 
above, invariably going from some inlet value and then 
decreasing to zero at an axial distance Z  of about 
0.1 . 
Figures 5-7 to 5-23 show the turbulent heat trans- 
fer and pressure drop results, beginning with the 
results of the lower Reynolds number tests. Only 
turbulent results computed past 100 duct diameters 
are considered to be fully developed results. -This 
was done because the Nusselt numbers obtained from 
the heavily insulated runs did not reach constant 
values until approximately 100 diameters downstream 
of the entrance. The pressure drop results for the 
stationary cases leveled off a little further upstream 
than did the heat transfer results, reaching their 
fully developed value at approximately 60 to 70 
diameters from the entrance. 
Figures 5-7  to 5-10 show the effect of rotation 
on heat transfer and pressure drop for a nominal 
•72- 
Reynolds number of 6,300. Figure 5-7  shows the effect 
of rotation on fully developed heat transfer. It is 
obvious from this plot that rotation has no effect 
on heat transfer until the Grashof number reaches    \ 
approximately 10 . A logarithmic curve is shown fitted 
through the data above this Grashof number as well as 
the Dittus-Boelter correlation for heat transfer below 
this Grashof number. Although a sharp transition is 
shown between these two curves there is no reason to 
believe the actual transition from forced to mixed 
convection should occur at a specific Grashof number, 
but rather a smooth transition from pure forced con- 
vection to the mixed convection regime is expected. 
A much larger number of data points is needed to show 
any kind of transition from forced to mixed convection.  > 
Figure 5-8 shows the effect of rotation on fully 
developed pressure drop, along with an isothermal 
correlation from Jones [17 • Although a slight upward 
trend is observed at higher Grashof numbers this trend 
is within the scatter of the turbulent pressure drop- 
data so pressure drop does not seem to be affected 
by rotation below a Grashof number of 5 x 10 . Typical 
error bands are shown for three data points in this 
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figure and the other pressure drop results given later. 
The bands represent the results of a worst case error 
error computation where the estimated uncertainties 
in the mass flowrate, pressure drop and other uncertain- 
ties were all taken to be additive errors. 
Data from the entrance region are plotted in 
figures 5«9 and 5-l°' The heat transfer data plotted 
in figure 5-9  show  the same behavior as the fully 
developed heat transfer results, with the transition 
to mixed convection occurring at the same Grashof number 
as the fully developed results. Although the Nusselt 
numbers plotted were computed at ^3 and 72 duct diam- 
eters downstream of the entrance, which most textbook 
authors consider to be fully developed, a marked 
departure in Nusselt number is observed from the fully 
developed Dittus-Boelter prediction. This departure 
was also observed in the heavily insulated stationary- 
runs where there can be no enhancement of heat transfer 
due to buoyancy effects. The conclusion which must be 
drawn from this disagreement between the fully developed 
correlation and the data is that the flow is not yet 
fully developed thermally for at least ?2 diameters 
in this test section. Figure 5-10 shows pressure drop 
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results in the entrance region along with the pred- 
iction of I17J • These results show rotation increasing 
dimensionless pressure drop above a Grashof number of 
5 ' ■  ' 
5x10 , a Grashof number which was just barely reached 
for the fully developed axial positions of the duct 
(figure 5-8). 
Figures 5-11 to 5-1^ are similar to figures5.7 
to 5-111 but a larger nominal Reynolds number of 7i800 
is covered. Figure 5«H shows the effect of rotation 
on fully developed heat transfer, along with a log- 
arithmic fit of the data above a Grashof number of 
1.5 x 1CK and the Dittus-Boelter relationship below 
this Grashof number. Rotation is again seen to have 
an effect on heat transfer above a Grashof number of 
2 x 10 . The apparent Grashof number at which transition 
from forced to mixed convection occurs has increased 
from the 6,300 Reynolds number case by about a factor 
of 2. The fully developed pressure drop results of 
figure 5-12 show that rotation has no effect up to 
the highest Grashof number (6 x 1.0 ) studied. 
Figure 5-13 shows heat transfer results in the 
inlet region which confirm that the transition from 
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forced to mixed convection occurs at a Grashof number 
of about 2 x 1CK for this Reynolds number. The Nusselt 
numbers plotted in this figure are also elevated like 
the data of Re = 6,300 (figure 5-9)- Figure 5.14 shows 
the effect of rotation on dimensionless pressure drop 
in the entrance region, and this data, like the data 
of figure 5-12, show that rotation has no effect on 
pressure drop at the Grashof numbers studied at this 
Reynolds number. 
The data presented in figures 5-15 to 5-19 for 
a nominal Reynolds number of 10,000 are much less 
conclusive than the previously discussed Reynolds 
numbers. Figure 5*15 shows the effect of rotation 
on fully developed heat transfer at this Reynolds number 
with a logarithmic least squares curve fit and the 
Dittus-Boelter prediction also shown. The transition 
from forced to mixed convection at this Reynolds number 
occurs at an even higher Grashof number than both the 
lower Reynolds number tests. The transition here occurs 
at a Grashof number of approximately 5 x 10 . Unfort- 
unately the scatter of the points at the higher Grashof 
numbers adds £  great deal of uncertainty to both the 
curve fit and the apparent transition point at this 
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Reynolds number, hence the dashed curve fit through 
the data above Gr = 5 x 10 . Figure 5>l6 gives a plot 
of fully developed non-dimensional pressure drop 
versus Grashof number and again shows that, like the 
7,800 Reynolds number tests, rotation seems to have 
no effect at the Grashof numbers studied for this 
Reynolds number. Figures 5-17 and 5«18 show heat trans- 
fer and pressure drop results for this Reynolds number. 
No conclusions could be drawn from these plots because 
of insufficient dataand because of the scatter of this 
data. 
The highest nominal Reynolds number studied was 
18,000 and figures 5.19 to 5-22 give the heat transfer 
and pressure drop.results forthis case. 
Figure 5-19 shows the effect of rotation on fully 
developed heat transfer, with a logarithmic least 
squares fit for the data above a Grashof number of 
10 and the Dittus-Boelter prediction shown also. 
The transition from forced to mixed convection at this 
Reynolds number occurs at a Grashof number of about 
10 , which again maintains a trend of increasing 
transition Grashof numbers with increasing Reynolds 
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Figure 5-20 gives a plot of fully developed non- 
dimensional pressure drop as a function of the Grashof 
number. Like figures 5-12 and 5-16 which, plot the same 
variable at Reynolds numbers of 7.800 and 10,000 
rotation is seen to have no effect at the Grashof 
numbers studied. 
Figure 5-21 displays heat transfer results in 
the inlet region. Although only a handful of points 
are plotted the data appear to confirm the data 
shown for other Reynolds numbers, and show the transit- 
ion from forced to mixed convection occurring at a 
Grashof number of approximately 10 . Figure 5-22 shows 
the effect of rotation on dimensionless pressure drop 
in the inlet region, and like the plots of pressure drop 
in the inlet region for Reynolds numbers of; 7,800 and 
10,000 shows no effect of rotation on 'pressure drop 
at these Grashof numbers. 
i' 
The final figure, figure 5-2.3,   shows the variation 
of the transition from forced to mixed convection. 
It shows the Grashof number at which the transition 
from forced to mixed convection occurs as a function 
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of the Reynolds fiumber. Four points are plotted, one 
point for each of the four turbulent Reynolds numbers 
studied. The Grashof number at which transition occurs 
is found from the turbulent fully developd heat trans- 
fer plots of figures 5.7,   5-11,   5-15  and 5-19- The 
data plotted arej the intersection points of the Dittus- 
Boelter correlation and the logarithmic curve fits 
of the higher Grashof number data points. It can be 
seen from; this plot thax the minimum Grashof number 
at which heat transfer in influenced inoreases with , 
increasing Reynolds number, with a possible slowing 
trend in the increase at higher Reynolds numbers. 
i I 
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CHAPTER 6 
CONCLUSIONS 
Laminar pressure drop data and turbulent pressure 
drop and heat transfer data have been presented for 
......4 
air flow through a heated rectangular duct which 
rotates about a parallel axis. 
The laminar pressure drop results presented here 
have been found to be in good agreement with the 
numerical finite difference results of Neti et al. 
115  • Increases in non-dimensional pressure drop of 
■ r     ' 
up to 25 percent have been observed for Grashof numbers 
up to 3 x 10 , with rotation having no effect on press- 
3 
ure drop up to a Grashof number of about 10 . Isotherm- 
al laminar pressure drop data has been found to be 
in good agreement with the pressure drop of a 2:1 
rectangular duct: fRe = 62. The isothermal pressure 
drop data obtained between Reynolds numbers of 2,200 
and 6,000 show the typical transition phenomena 
associated with isothermal circular tubes and the    . 
turbulent isothermal pressure drop results agree wjith 
a correlation" given by Jones I17J . 
-97- 
The pressure drop data obtained for turbulent 
experimental runs with heat transfer seem to have little 
dependence on rotation for the Grashof numbers studied. 
It is believed that rotation does have an effect on 
pressure drop but the experiments performed could 
not achieve high enough rotation speeds of heat fluxes 
to produce Grashof numbers capable of influencing 
pressure drop significantly. 
Although rotation could not be shown to affect 
turbulent pressure drop significantly the results 
presented do show that turbulent heat transfer is 
enhanced by rotation. Data taken at four different 
Reynolds numbers show increases in heat 'transfer 
of as much as 25 percent for the highest Grashof number 
reached at each Reynolds number. Maximum Grashof numbers 
reached in the fully developed section of the duct 
were approximately k  x 10, 6 x 10, 8 x 10^ and 
3-5 x 10 for nominal Reynolds numbers of 6,300, 7,800, ; 
10,000 and 18,000 respectively. Heat transfer results 
were not influenced by results at lower speeds but 
only began the transition form pure forced convection 
to mixed convection at some threshold value of Grashof 
number! This threshold steadily increased with increasing 
Reynolds number from a value of 8 x 10 at a Reynolds 
number of 6,300 to a value of 1.5 x 10 at a Reynolds 
number of 18,000. 
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